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Anthropogenic activities have led to largescale mercury (Hg) contamination in the Arctic1-3 25 
so that Hg tissue levels in modern-day wildlife including falcon and eagle feathers, polar bear 26 
hairs, and beluga whale teeth, are enhanced up to 10-fold4-6. High Arctic Hg contamination 27 
has been attributed to unique sea-salt-induced chemical cycling of Hg, termed Atmospheric 28 
Mercury Depletion Events (AMDEs), but their impacts are now debated2,7 and are largely 29 
unknown away from the coast. Furthermore, wet deposition measurements in the Arctic 30 
show some of the lowest Hg deposition via precipitation worldwide8 raising questions as to 31 
the sources of high Arctic Hg exposure. Based on the most comprehensive Hg deposition 32 
mass balance study so far, here we show that the main source of Hg (71%) in the interior 33 
Arctic tundra is derived from gaseous elemental Hg (Hg0) deposition, rather than deposition 34 
via precipitation or AMDEs – which are both minor. Deposition of Hg0, the form 35 
ubiquitously present in the global atmosphere, occurs throughout the year, including the 36 
Arctic winter, and is enhanced in summer by vegetation Hg0 uptake. The tundra uptake of 37 
gaseous Hg0 leads to high soil Hg concentrations and mass exceeding levels in temperate soils 38 
several-fold. Concurrent Hg stable isotope measurements in the atmosphere, snowpack, 39 
vegetation, and soils support that Hg0 dominates as a source to the tundra, and we hence for 40 
the first time provide a fully independent confirmation of Hg isotope source tracing. Stable 41 
isotope data from an inland to coastal transect show high soil Hg consistently derived from 42 
Hg0, suggesting that the Arctic tundra forms a globally-important Hg sink storing up to half 43 
the world’s soil Hg. High tundra soil Hg also explains why rivers annually transport massive 44 
amounts of Hg (50–80 Mg y-1) to the Arctic Ocean9-11. Hg stable isotope signatures now also 45 
suggest that Hg0 may dominate as sources in mid-latitude ecosystems12-15, and we hence call 46 
for a focus on monitoring strategies for Hg0 deposition worldwide. 47 
Hg pollution impacts are increasingly controlled by climate-change induced disturbances in 48 
aquatic and terrestrial biogeochemistry16, with potentially the most significant consequences in the 49 
Arctic where warming occurs at a rate almost double the worldwide average17,18. Regulatory 50 
frameworks such as the recent UNEP Minamata Convention – aimed to reduce Hg contamination 51 
globally19 – rely on understanding of Hg sources, which is currently lacking in the Arctic. The 52 
widespread Hg contamination observed across the Arctic is inconsistent with extremely low 53 
atmospheric wet deposition, which in Arctic ecosystems is found to be among the lowest globally. 54 
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For example, annual wet deposition of 2.1±0.7 µg m-2 yr-1 at Gates of the Arctic National Park in 55 
Alaska (Supplemental Table S1) is almost five times lower than wet deposition measured across 56 
99 lower-latitude U.S. locations (9.7±3.9 µg m-2 yr-1)8. Also unclear are the origins of vast amounts 57 
of Hg that are annually transferred by Arctic rivers to the Arctic Ocean9. These riverine Hg inputs 58 
to the Arctic Ocean, which exceed direct atmospheric deposition10,11, stand in contrast to 59 
predictions that rank Arctic catchments lowest in terms of watershed Hg storage globally20. 60 
Another potential Hg source, deposition due to sea-salt-induced AMDEs in springtime21, long was 61 
thought to be responsible for high Arctic Hg deposition. However, AMDEs may cause much 62 
smaller net Hg deposition because most of the deposited Hg can revolatilize to the atmosphere 63 
before snow melts and studies provide inconclusive evidence about their importance for Arctic 64 
deposition2,7. 65 
Unlike wet deposition and deposition related to AMDEs, both of which are composed of oxidized 66 
Hg (HgII), deposition of gaseous elemental Hg0 – the form which is subject to long-range 67 
atmospheric transport and global atmospheric distribution – is largely unconstrained and not 68 
measured by deposition networks. We recently reviewed 132 studies on gaseous Hg0 exchange 69 
between the atmosphere and terrestrial surfaces and estimated net global terrestrial Hg0 exchange 70 
to exhibit a wide range and large uncertainty, from a net deposition of 500 Mg yr-1 to a net emission 71 
(i.e., volatilization from ecosystems to the atmosphere) of 1650 Mg yr-1 22. The large uncertainty 72 
stems from an almost complete lack of whole-ecosystem Hg0 exchange measurements among 73 
these studies. 74 
Here we performed a mass balance of atmospheric Hg deposition in the Arctic tundra – a biome 75 
covering ~6% of the global land surface area – to determine the major Hg sources in one of the 76 
most remote ecosystems worldwide. We conducted a two-year field measurement campaign to 77 
constrain atmospheric Hg deposition at Toolik Field station on the North Slope of Alaska, USA, 78 
200 km inland from the coast representing the interior tundra. We measured net gaseous Hg0 79 
exchange at the ecosystem-level using micrometeorological techniques, wet and dry HgII 80 
deposition, and vegetation Hg inputs from aboveground biomass. We correspondingly measured 81 
Hg stable isotopic signatures in the atmosphere, snowpack, vegetation, and soil, and quantified 82 
total mass of Hg sequestered in tundra snowpack, plants, and soils. We further measured 83 
Obrist, D., et al. Nature, 2017, 547, 201-204 (accepted version)  https://doi.org/10.1038/nature22997 
 
4 | P a g e  
 
atmosphere-snow-soil Hg0 gas concentration profiles to independently verify Hg0 flux exchange 84 
and locate zones of atmospheric Hg0 sources and sinks. 85 
Gaseous Hg0 was the dominant form of deposition (6.5±0.7 µg m-2 yr-1) accounting for 71% of 86 
total deposition (Fig. 1). Wet HgII deposition amounted to less than 5% of Hg0 deposition 87 
(Supplemental Table S2; 0.2±0.1 µg m-2 yr-1) and even lower than previous low measurements 88 
from another Arctic site in Alaska8. Atmospheric HgII concentrations were below the detection 89 
limit (33 pg m-3) during most of the measured period with the exception of March and early April 90 
during AMDEs when concentrations reached nearly 0.5 ng m-3 (Extended Data). We constrained 91 
atmospheric HgII dry deposition to 2.5 µg m-2 yr-1 (range 0.8 to 2.8 µg m-2 yr-1) based on periodic 92 
measurements of atmospheric HgII concentrations (Supplemental Information). We observed 93 
temporarily elevated snow Hg levels during AMDEs, although the deposited Hg revolatilized to 94 
the atmosphere within days (Supplementary Information). 95 
The dominance of gaseous Hg0 deposition as a source to this ecosystem was independently 96 
confirmed by Hg stable isotope analyses. We comprehensively characterized Hg stable isotope 97 
composition of atmospheric Hg0, snowfall and snowpack, vegetation, organic and mineral soil 98 
horizons, and bedrock samples. As observed in previous studies12-15,23,24, atmospheric Hg0 and 99 
HgII, bedrock HgII, and HgII deposited through AMDEs have unique δ202Hg, Δ199Hg, and Δ200Hg 100 
signatures (Fig. 2 and Extended Data). We then quantified relative contributions of different Hg 101 
sources to vegetation and soil samples using endmember mixing models and triple isotopic 102 
signatures. Results show that atmospheric gaseous Hg0 is the dominant source of Hg in vegetation 103 
(median: 90%), organic soils (73%), and upper mineral soils (55%). HgII deposition accounted for 104 
10% to 22% of Hg in the two soil compartments; and residual HgII from AMDEs, transferred to 105 
the tundra soils after snowmelt, accounted for 0–5%. Geogenic Hg contributed in a range of 0% 106 
in organic soil horizons to ~40% in mineral soil horizons. These results confirm direct flux 107 
measurements demonstrating that gaseous Hg0 deposition is the dominant source of mercury to the 108 
tundra at Toolik Field station. We measured soil Hg stable isotope signatures in three additional 109 
tundra sites along a transect from Toolik Field station to the Arctic Ocean (Fig. 2D) and considered 110 
values from an additional peat profile from Barrow, AK at the coast24, and found no significant 111 
differences in isotope signatures between these soils and soils at Toolik Field station. We hence 112 
observed no higher contributions of AMDEs (maximum 5%) even in soils closer to the coast, and 113 
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show evidence that the source of Hg in tundra soils is consistently and predominantly derived from 114 
atmospheric Hg0 uptake.  115 
Continuous flux measurements allowed determination of temporal patterns of Hg0 deposition. 116 
Gaseous Hg0 deposition persisted throughout periods of snow cover (Fig. 1), with the exception of 117 
March and April when net emission of Hg0 to the atmosphere was observed after AMDEs. From 118 
October through mid-May, Hg0 deposition averaged 0.4±0.4 ng m-2 h-1 and accounted for 37% of 119 
total annual Hg0 deposition. Gaseous Hg0 concentration profiles in snow and soil air, measured 120 
with complementary trace gas systems (see Methods), confirmed that wintertime Hg0 deposition 121 
occurred (Fig. 3). Snow pore air Hg0 concentrations were consistently below atmospheric 122 
concentrations, and concentrations decreased further from the upper to lower snowpack such that 123 
concentrations at the soil-snow interface were less than 50% of atmospheric levels. Since diffusive 124 
and advective trace gas fluxes are a function of respective concentration gradients, these Hg0 125 
concentration profiles were consistent with a net atmospheric deposition flux of gaseous Hg0 to 126 
the tundra ecosystem, providing a third means of verifying atmospheric Hg0 deposition. Further 127 
analysis showed that the wintertime Hg0 deposition was driven by a sink below the Arctic 128 
snowpack, most likely in the tundra soil (Supplementary Information). Such a soil Hg0 sink has 129 
been observed in a temperate soil, but the mechanism for soil Hg0 uptake remains unclear25.  130 
During snow-free periods from mid-May through September, Hg0 deposition increased (rate of 131 
1.4±1.0 ng m-2 h-1) and continued to greatly exceed deposition of all other forms of Hg combined 132 
(78% of total summertime deposition). In fact, some of the strongest Hg0 deposition occurred after 133 
the spring onset of the tundra vegetation growing season, indicating that tundra vegetation 134 
amplified gaseous Hg0 deposition. Clearly identifiable by its Hg isotope signature (Fig. 2), Hg in 135 
aboveground vegetation was indeed primarily (90%) derived from atmospheric Hg0 uptake as 136 
shown previously12,14. We calculated substantial Hg mass contained in aboveground vegetation 137 
(29 µg m-2; Table S4) which can subsequently be transferred to tundra soils via plant senescence 138 
and litterfall. 139 
The dominant and time-extended atmospheric deposition of gaseous Hg0 to the Arctic tundra has 140 
implications for local, regional, and global Hg cycling. Deposition of globally ubiquitous gaseous 141 
Hg0 leads to unexpectedly high Hg levels in these remote tundra soils. Based on 14C age dating 142 
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that shows that soils at Toolik Field station are older than 7,300 years (Table S5), deposition of 143 
atmospheric Hg0 and accumulation of Hg in soils must have occurred over millennia. Soil Hg 144 
concentrations in the active layer above the permafrost averaged 138±15 µg kg-1 in organic soil 145 
layers and 97±13 µg kg-1 in mineral soil horizons (Table S5), exceeding the 20–50 µg kg-1 range 146 
observed across temperate and tropical soils several-fold26-28. Riverine studies suggest that 147 
significant contributions by upland soil sources in the Arctic are needed in order to explain high 148 
Hg loadings9,10. The high tundra soil Hg levels, derived from Hg0 uptake, hence explain the 149 
conundrum that watersheds with some of the lowest Hg wet deposition loads on Earth and limited 150 
impacts from AMDEs show elevated Hg in rivers and widespread Hg impacts on Arctic wildlife3-151 
6.  152 
At the global scale, the Arctic tundra serves as an important repository for atmospheric Hg0 emitted 153 
at mid-latitudes. Stable isotope analysis across four different tundra soils on the North Slope of 154 
Alaska confirm that atmospheric Hg0 dominates as a source and suggests a large-scale Hg0 sink 155 
across the Arctic tundra. Although few soil tundra Hg concentrations are reported elsewhere, our 156 
measurements along a 200 km northern Alaska transect and a few published data also show high 157 
soil Hg concentrations (Table S6). If a soil Hg pool of 27 mg m-2 at Toolik Field station (Table S5; 158 
top 40 cm) is representative of the global tundra belt, Arctic tundra soils would contain ~143 Gg 159 
of Hg, which would account for almost half the total estimated global soil Hg pool size of 300 Gg 160 
based on temperate studies for this soil depth20,29. Further, our study provides the first independent 161 
experimental verification of source attribution by Hg isotope signatures, which at this tundra site 162 
show that Hg stored in vegetation and soils is predominantly derived from atmospheric Hg0 163 
consistent with direct deposition measurements. Recent Hg stable isotope studies have suggested 164 
that gaseous Hg0 deposition may dominate as a source in remote forests of the mid-latitudes12-15 165 
as well. We hence call upon regulators and the scientific community to reorganize deposition 166 
monitoring30 to include deposition of Hg0 which we expect to dominate as a source across remote 167 
ecosystems worldwide. 168 
  169 
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Methods: 170 
The study site is located near Toolik Field station (68°38’N, 149°36’W), a research station 171 
operated by the University of Alaska, Fairbanks. All measurement systems were located in a 172 
tussock tundra with underlying soil types characterized as Typic Aquiturbels with active layer 173 
depths between 60 and 100 cm. All analyzers and control systems were housed in a temperature-174 
controlled field laboratory (Extended Data Fig. E1) built on the tundra, and sampling lines and 175 
sensors were routed outside to the tundra sampling locations via heated conduits. This setup 176 
allowed year-round measurements of trace gas dynamics including through the Arctic winter 177 
without damage from icing, animal disturbances, or other issues. 178 
Overview of key measurements: During two full years, we measured continuous net surface-179 
atmosphere fluxes of gaseous Hg0 (i.e., the balance of deposition and volatilization), that to our 180 
knowledge was conducted year-round previously only in two temperate grassland sites31,32. 181 
Campaign-style wet deposition measurements composed of HgII species33 were conducted 182 
approximately every six weeks throughout the two years and included snowfall and rain 183 
measurements, surface snow and full snowpack collection, and subsequent analysis of total 184 
dissolved Hg after melting. HgII dry deposition was assessed by pyrolyzer measurements (see 185 
below) to quantify atmospheric HgII concentrations multiplied by deposition velocity. HgII dry 186 
deposition measurements were conducted only from January through September 2016, but we used 187 
auxiliary Arctic studies to constrain mid-winter patterns1, 34 (see below and Extended Data). In 188 
addition, we measured gaseous Hg0 in interstitial air of snowpack and tundra soils at multiple 189 
locations and depths in the tundra during two full years to assess atmosphere-snow-soil diffusion 190 
profiles and pinpoint active source and sink zones. For this, a snow tower (Fig. E1D;35,36) was 191 
deployed to measure Hg0 gas concentrations in interstitial snow pores at multiple depths in the 192 
undisturbed tundra snowpack. In addition, a soil trace-gas system (Fig. E1E37) consisting of six 193 
gas wells provided gaseous Hg0 concentrations in soil pores at three depths each in two tundra soil 194 
profiles. During summers, field campaigns were conducted for detailed characterization of 195 
concentrations and pool sizes of Hg in all major ecosystem matrices, including vegetation as well 196 
as organic and mineral soil layers. Characterization of Hg stable isotope compositions were 197 
conducted in snow, soils, plants, and the atmosphere to complement source and sink processes of 198 
Hg in this tundra ecosystem. 199 
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Micrometeorological flux measurements to quantify gaseous Hg0 exchange at the ecosystem level 200 
were conducted using an aerodynamic flux method (Fig. E1C). Surface-atmosphere flux was 201 
calculated by measurement of concentration gradients in the atmosphere above the tundra in 202 
conjunction with atmospheric turbulence parameters as follows: 203 
 F"#$ = − '∗)∗∗*+,(*//) ∗ 123"#$41*   (1) 204 
where 5 denotes the von Karman constant (0.4), 6∗ the friction velocity, 7 the measurement height, 205 89(7/:) the universal temperature profile, : the Monin-Obukhov length, and	<=(>?@)/<7 the 206 
vertical Hg0 gas concentration gradient. Hg0 concentrations at heights of 61 cm and 363 cm above 207 
the soil surface were measured through 0.2 µm Teflon® inlet filters connected to perfluoroalkoxy 208 
(PFA) lines, a setup that measures gaseous Hg0 37. A valve control system with three-way solenoid 209 
valves (NResearch, West Caldwell, NJ, USA) allowed switching between the gradient inlets every 210 
10 min. Solenoids were connected to a set of trace gas analyzers with a total sampling flow of 1.5 211 
L min-1. This system included an air mercury analyzer (Model 2537A, Tekran Inc. Toronto, 212 
Canada); a Cavity Ring-Down (CRD) greenhouse gas analyzer to measure CO2, H2O, and CH4 213 
(Los Gatos Research, San Jose, USA); an O3 analyzer (Model 49C, Thermo Scientific, Waltham, 214 
USA); and an O2 analyzer (Model 1440, Servomex, East Sussex, United Kingdom). 215 
Fluxes were calculated only during periods of appropriate turbulence according to Edwards et al.38 216 
and periods when z/L < -0.2 and z/L > 0.2 were removed from the data set. The tundra measurement 217 
site was bordered by Toolik Lake to the north, and we removed data when flux footprints 218 
originated from Toolik Lake or it’s edge (0-40° and 300-360°, 27% of the data). For gap filling of 219 
periods when measurements were missing, or when fluxes originated from the nearby lake, or 220 
when conditions did not fulfill the criteria for acceptable turbulence to calculate fluxes, we 221 
interpolated flux data using the average diel pattern of each respective month. For quality control, 222 
sampling lines were confirmed to be free of contamination during each field visit (approximately 223 
every six weeks using Hg-free air; Model 1100, Tekran Inc.). In addition, line inter-comparisons 224 
were conducted at the same interval to test for line biases between the upper and lower inlet lines; 225 
for this, both upper and lower inlet lines were set at the same height and measurements were 226 
conducted to assess offset. Line intercomparison tests showed no significant line offsets 227 
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throughout the study with the exception of one time when a leak was detected and immediately 228 
fixed, and fluxes prior to that time were corrected.  229 
A snow tower (Fig. E1D) to measure gaseous Hg0 and auxiliary trace gas concentrations in the 230 
undisturbed snowpack at multiple heights was deployed next to the flux tower (approximately 2 231 
m distant). The snow tower, described in Seok et al.35 and Faïn et al.36, consists of vertical square 232 
aluminum bars with 60 cm cross arms at five heights that hold a total of 10 sampling inlets. 233 
Horizontal crossbars that support air inlets were set at heights of 0, 10, 20, 30, and 110 cm above 234 
the soil surface, with the lower four inlets generally buried in snow most of winter to measure 235 
snow pore air; the uppermost inlet always was located above the snowpack and measured 236 
atmospheric Hg0 gas concentrations. Each crossbar supported a pair of connected air inlets, spaced 237 
60 cm apart, and fitted with 25 mm syringe filters with 1 µm glass fiber membranes (Pall Life 238 
Sciences, Ann Arbor, Michigan, USA) connected to PFA lines. Snow tower lines were connected 239 
to a Teflon valve control box and data acquisition system inside the heated laboratory. These lines 240 
were connected to a second set of trace gas analyzers, including for gaseous Hg0, ozone (same 241 
models as above), as well as a CO2 and H2O analyzer (Model LI840A, LI-COR Inc., Lincoln, 242 
USA). Sampling flow rates were set between 2.7 and 3.0 L min-1, and the sampling sequence was 243 
set to extract snow air at each height for 10-min measurement periods so that a full sequence of all 244 
five inlet heights was sampled every 50 min. Measurements of ambient air gaseous Hg0 245 
concentrations measured at the top inlet of the snow tower system compared well to ambient air 246 
Hg0 concentrations measured by the micrometeorological tower. 247 
A soil trace gas measurement system (Fig. E1E), similar to a system described in Obrist et al.25, 248 
was deployed to allow monitoring of soil pore trace gases at multiple depths and locations. In the 249 
first year, the soil trace gas system consisted of six Teflon wells (63.5 cm length, 10.2 cm diameter) 250 
with inside volumes of 4.2 L. One side of each well was perforated with 65 holes of 0.64 cm 251 
diameter for a total perforated area of 20.6 cm2. The holes were covered with Gore-Tex® 252 
membranes and Teflon screens, both of which were held in place by stainless steel brackets and 253 
pipe clamps for a watertight seal, allowing gas diffusion into the wells while keeping out soil water. 254 
The soil wells were placed at two tundra soil profiles (10 cm, 20 cm, and 40 cm depths); one profile 255 
consisted mainly of organic soil layers and a second mainly of mineral horizons. The six wells 256 
were connected by PFA lines to the heated laboratory and connected to the same set of 257 
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instrumentation to measure trace gas gradients for flux measurements (gaseous Hg0, CO2, H2O, 258 
CH4, O3, and O2). The system, operated at a flow rate of 1.5 l min-1, was programmed to extract a 259 
sequence of soil measurements (10 min. each) only three times per day to reduce the air volume 260 
extracted from the soil profile and minimize disturbance and advection effects. Because of water 261 
intrusion into the soil gas wells in June 2015, the system was replaced with a different system 262 
consisting of 47 mm Teflon inlet filters with additional inlet holes drilled at the bottom of the 263 
filters and mounted upside down in the soil profile at the same six locations. Testing in saturated 264 
water showed that the hydrophobic Teflon filters prevented water intrusion into the sampling lines 265 
using this inlet configuration. Both soil trace gas systems were extensively tested in Hg-free air 266 
and ambient air prior to deployment to confirm that they were free of contamination. These systems 267 
showed quick equilibrium with ambient air Hg0 concentrations, and there was no memory effect 268 
when switching the sampling lines. Both measurement systems provided the same magnitude and 269 
seasonal patterns of gaseous Hg0 soil concentrations (Fig. 3). 270 
Atmospheric HgII concentrations were measured using a third gaseous mercury analyzer (Model 271 
2537; Tekran Inc.) in conjunction with a pyrolyzer unit. HgII concentrations were calculated by 272 
differential measurements of air drawn from an inlet configured to measure gaseous Hg0 (using 273 
0.2 µm Teflon inlet filters) and a second inlet stream without a filter routed through a pyrolyzer 274 
oven set at 650º C, whereby all atmospheric Hg forms were converted into gaseous Hg0 (i.e., 275 
measure total Hg). A valve switching unit (Model 1110, Tekran Inc.) was used to alternate 276 
measurements between total Hg and gaseous Hg0 measurements every 10 min, and allowed 277 
calculating HgII concentrations by difference (similar to Lyman and Jaffe39). As a pyrolyzer oven, 278 
we modified a particulate mercury speciation module (Model 1135; Tekran Inc., Toronto, Canada) 279 
and used a quartz tube filled with quartz chips as pyrolyzer inlet that directly reached the ambient 280 
atmosphere for sampling. In addition, the particulate filter inside the glassware was removed, and 281 
the quartz tube was filled with quartz chips to increase the surface area and serve as an efficient 282 
catalyst. The detection limit of this system, based on three times standard deviation of the blanks,  283 
was 33 pg m-3. The pyrolyzer unit was deployed from January through September 2016. 284 
Atmospheric HgII concentration measurements were lacking from October through mid-February, 285 
but we found undetectable (<0.033 ng m-3) or low concentrations (generally <0.05 ng m-3) in other 286 
winter months, similar to low or undetectable HgII concentrations outside of periods of AMDEs at 287 
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other Arctic locations34. For 2015, we assumed similar HgII concentrations as measured in 2016. 288 
Negative numbers in the HgII record represent noise levels of differential measurements as well as 289 
data are produced during strong fluctuations of total atmospheric Hg concentrations (i.e., during 290 
AMDE depletion recoveries). Atmospheric deposition of HgII was calculated to be 2.5 µg m-2 yr-1 291 
based on multiplication of measured HgII concentrations with a proposed deposition velocity for 292 
HgII of 1.5 cm s-1 over various surfaces40, with a range from 0.8 to 2.8 µg m-2 yr-1 (based on 293 
deposition velocities generally between 0.5 and 1.7 cm s-1)41. Even lower annual atmospheric HgII 294 
deposition has been independently estimated for this area based on nearby Arctic lake studies (0.1 295 
µg m-2)1. Low wintertime HgII concentrations and deposition are further consistent with extremely 296 
low wintertime snowfall Hg concentrations (on average 0.26 ng L-1; Supplementary Information 297 
Table S2) – which are derived from HgII scavenged from the atmosphere. Finally, stable Hg 298 
isotopic signatures were consistent with low amounts of HgII deposition measured at this site. 299 
Atmospheric wet deposition of Hg (mainly HgII forms) and snow HgII was characterized by 300 
frequent collection of surface snow and manual collection of rainfall using trace-metal collection 301 
techniques (gloves, acid-cleaned Teflon and stainless steel sampling equipment). Samples were 302 
analyzed for Hg concentrations after filtration with 0.45 µm pore size filters. A total of 19 sampling 303 
dates were used for calculation of wet deposition loads (Table S2). Surface snow samples (top 3 304 
cm) were directly transferred into new, sterile polyethylene sampling bags (Whirl-Pak®; Nasco, 305 
Fort Atkinson, WI, USA). Fresh snow was directly taken from the surface into the sampling bags; 306 
additional snowpack sampling was performed from the top to the bottom of the snowpack using 307 
acid-cleaned stainless steel cutters (Model RIP 1 1000 cc cutter; Snowmetrics, Fort Collins, CO, 308 
USA). In addition, snowpack sampling was performed on five dates using two excavated snow 309 
pits each that were sampled using stainless steel snow cutter (RIP 1 cutter 1000 cc) and then 310 
directly transferred to the sterile polyethylene sampling bags (double bags). Each snow pit was 311 
sampled at 10 cm-layer increments from the top to the bottom of the snow pit. Per layer, two 312 
replicate samples from perpendicular walls of the pit were each pooled together for analysis. 313 
Summertime collection of rainwater was performed manually using an acid-cleaned Teflon funnel 314 
and Teflon bottles. Determination of total dissolved Hg was performed according to U.S. EPA 315 
Method 1631 for total mercury in water using dual stage gold pre-concentration and an Hg water 316 
analyzer (Model 2600; Tekran Inc., Toronto, Canada). Annual atmospheric wet deposition was 317 
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calculated using volumetric precipitation measured at Toolik Field Station multiplied by respective 318 
snow and rain Hg concentrations (Table S2). Hgtot and Hgdiss concentrations were determined using 319 
Tekran 2600 cold-vapor atomic fluorescence spectrometry (Tekran Instruments Corporation, 320 
Toronto, ON, Canada) using a bromine monochloride (BrCl) and hydroxylamine hydrochloride 321 
digestion following the EPA method 1631. The detection limits, determined as 3-times the 322 
standard deviation of blank samples, averaged 0.08 ng L−1. Recoveries as determined by 5 ng L−1 323 
standards analyzed after every 10 samples averaged between 93 and 107%. Laboratory and field 324 
blanks were conducted both for the stainless-stell cutter (using water rinses) and the whirl-pak 325 
bags used for snow sampling, and both showed no metal contamination (all blank determinations 326 
below detection limits). 327 
Soil and vegetation Hg concentrations were determined from samples collected during multiple 328 
field sampling campaigns in spring through fall 2014, 2015, and 2016. All samples were freeze-329 
dried, milled, and analyzed according to U.S. EPA method 7473 using a total mercury analyzer 330 
(Model MA-2000; Nippon Inc., Takatsuki, Japan) and as described in detail in Obrist et al.26. To 331 
estimate annual Hg uptake by vegetation and standing aboveground biomass pools (Table S4), 332 
data on vegetation dynamics (aboveground net primary productivity: NPP; and aboveground 333 
vegetation biomass) were used from Shaver and Chapin41 and Chapin et al.42. 334 
Hg Stable isotope measurements were performed on Hg extracted from subsamples of dried and 335 
milled vegetation, soil, and rock samples using a two-step oven combustion system14. Snow 336 
samples were processed using a purge and trap system described by Sherman et al.23 which was 337 
scaled up to 20 L bottles to attain Hg amounts large enough from low-concentrated snow samples. 338 
Sample blanks, recoveries, and Hg isotopic composition of processing standards (NIST-3133) 339 
were analyzed (Table E4). Atmospheric gaseous Hg0 was collected continuously from a separate 340 
inlet at the flux tower, equipped with a glass fiber filter (as described for snow tower 341 
measurements) and a heated PFA line to the field laboratory. Atmospheric gaseous Hg0 (typically 342 
sampled at 0.2 lpm for periods of 6–8 weeks) was collected on iodated activated carbon traps (IC-343 
traps, 125 mg) which were processed with a combustion method adapted from Fu et al.43. Gaseous 344 
Hg0 breakthrough of IC-traps was measured regularly during the sampling campaign using a 345 
Tekran 2537 mercury analyzer and was always below the detection limit (0.05 ng m-3). Procedural 346 
blanks, procedural standards, and sample recoveries were measured for quality assurance (Table 347 
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E1). Hg isotopic ratios were measured by cold vapor – multi-collector inductively coupled plasma 348 
mass spectrometry (CV-MC-ICPMS; Neptune, Thermo-Finnigan, Germany) at the Midi-Pyrenees 349 
Observatory (Toulouse, France) applying measurement protocols described elsewhere13,43. 350 
Hg isotopic signatures are expressed using common nomenclature of small delta notation for mass-351 
dependent signatures (MDF): 352 
δBBBHgEFGHIJKJJ = L ( "#MMM "#NOPQ )RSTUVW	( "#MMM "#NOPQ )XYRZ[\N\\ − 1^	×	10J	        (2) 353 
where xxx corresponds to masses 199, 200, 201, 202, and 204. Mass-independent Hg isotopic 354 
signatures (MIF) are expressed by capital delta notation: 355 
 356 ∆bbbHg = 	δbbbHg − (δc@cHg	 × 	de)         (3) 357 
where yyy corresponds to the mass of 199, 200, 201, and 204 and sf to the kinetic mass-dependent 358 
scaling factors of 0.2520, 0.5024, 0.7520, and 1.493 for D199Hg, D200Hg, D201Hg, and D204Hg, 359 
respectively. Analytical precision and accuracy were assured through repetitive measurements of 360 
in-house standards ETH-Fluka (d202Hg = -1.43±0.19‰, D199Hg 0.08±0.07‰, D200Hg 0.02±0.07‰, 361 
2SD, n=38) and UM-Almaden (d202Hg = -0.56±0.10‰, D199Hg -0.02±0.06‰, D200Hg 362 
0.01±0.07‰, 2SD, n=9) which were in agreement with previously reported values12-14. 363 
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484 
Figure 1. Cumulative atmospheric deposition of major Hg forms in the Arctic tundra. Blue line: gaseous Hg0 flux; green line: wet Hg deposition (HgII) ; 
brown line: dry deposition of HgII; dashed line shows observations extrapolated when not measured. Bottom panel shows snow heights and vegetation coverage. 
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485 
Figure 2 A. Mass-dependent (d202Hg) and mass-independent (D199Hg) mercury isotope signatures in the tundra. 
Uncertainty (2 SD of replicate standards) shown on lower right. Symbols for sources include: filled circles for atmospheric 
Hg0; filled triangles for HgII in snow deposited before Jan/Feb 2016; open triangles for HgII measured in surface snow during 
periods of AMDEs (Mar/Apr 2016); and filled inverted triangles for geogenic Hg in rock samples. Symbols for tundra samples 
include: filled diamonds for bulk vegetation; filled squares for organic (O-horizon) soils; and open squares for mineral soils 
(with cross for A horizons [>10% organic matter] and without cross for B horizons [<10% organic matter]). Arrow represents 
mass-dependent fractionation of atmospheric Hg0 during foliar uptake. B. Linear correlation of D199Hg with organic matter 
content, showing that signatures of terrestrial samples can be explained predominantly by binary mixing of the two 
endmembers geogenic Hg and vegetation Hg. C. Fraction of respective Hg sources in vegetation and soils. D. d202Hg and 
D199Hg mercury isotope signatures of soils (O, A, B horizons) and snow (collected during Mar/Apr) along an inland-to-
coastal transect. Distance from Arctic Ocean (AO) is given in km. Barrow samples are from 23,24. 
A 
B 
C 
D 
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 486 
Figure 3. Gaseous Hg0 concentrations in the atmosphere, interstitial snow air, and tundra soil pores. Zero-values in soils show concentration 
measurements below the detection limits. Different symbol colors represent different heights in snowpack and different depths in soils. Snowpack heights (in 
cm) show height in snowpack above the ground surface. Soil depth (in cm, negative numbers) show depth of measurements in soil pores below the ground 
surface.  
